Phthalates are ubiquitous contaminants that target the testis during in utero and postnatal development. The PI3K/Akt and nuclear factor kappa B (NF-kB) signaling pathways have been implicated in germ cell survival following testicular injury. Here we observe that Akt kinase activity increases in the testes of postnatal day 28 wild-type mice following exposure to 500 mg/kg mono-(2-ethylhexyl) phthalate (MEHP), and that loss of Akt1 results in the premature onset of germ cell apoptosis. To further determine the basis for this sensitivity, we investigated the potential for cross-talk between the PI3K/Akt and NF-kB signaling pathways. We found a twofold increase in Akt1-dependent phosphorylation of the IkBa subunit following exposure to 500 mg/kg MEHP and decreased levels of the total IkBa protein. Examination of the expression of the NF-kB subunits, p50 and p65, in Akt1 wild-type testes following MEHP exposure revealed a twofold increase in p50 mRNA at 6 h. Interestingly, in Akt1-deficient testes, basal expression of both the p50 and p65 subunits was elevated 1.6-and 4-fold, respectively. This was due, at least in part, to increased levels of oxidative stress as measured by both superoxide anion formation and increased expression of SMAC/DIABLO, a proapoptotic mitochondrial protein. In wild-type testes, MEHP-induced Akt1-dependent transcription of the antiapoptotic mitochondrial target gene, Bcl-xL. Together, these results indicate that Akt1 plays a role in the initial protection of germ cells following MEHP-induced germ cell apoptosis and that this response is partially mediated by cross-talk with the NF-kB signaling pathway and an increased sensitivity to oxidative stress.
Phthalates are industrial chemicals that impart flexibility and resilience to a variety of plastics and consumer goods, including personal care products, food packaging, and medical bags and tubing. Phthalates are not covalently bound to the product matrix, and can therefore leach from the matrix resulting in ubiquitous human exposure (Silva et al., 2004) . Several phthalate diester congeners and their monoester metabolites have been shown to possess endocrine-disrupting activity which results in sexual maldevelopment in male rats (Gray and Butterworth, 1980; McKinnell et al., 2005; Thompson et al., 2004) . Although less extensively studied in the mouse, in utero and postnatal exposures to phthalates have been linked to abnormal male reproductive outcomes (Gaido et al., 2007; Lamb et al., 1987) . Mono-(2-ethylhexyl) phthalate (MEHP), the toxic metabolite of di-ethyl-2-hexyl phthalate (DEHP), a phthalate used in polyvinyl chloride, has been shown to cause Sertoli cell damage and subsequent germ cell apoptosis when administered on postnatal day 28 to rats by oral gavage (Richburg and Boekelheide, 1996) . In the postnatal testis, paracrine signaling between Sertoli and germ cells is one critical component of the germ cell apoptotic response to MEHP (Boekelheide et al., 1998; Jones et al., 1993) . Importantly, nuclear factor kappa B (NF-jB) has been implicated in the response to germ cell apoptosis following a single oral exposure to MEHP in rats. Specifically, the NF-jB subunits p50, c-Rel, and p65 have been shown to translocate to the nucleus of germ cells which is believed to initiate a transient protective effect in the rat seminiferous epithelium (Rasoulpour and Boekelheide, 2005) .
Proper execution of apoptotic germ cell death is an essential component of postnatal testis development and homeostasis. Previous reports indicate important regulatory pathways of testicular homeostasis to include the Fas/FasL, NF-jB, p53, PI3K/Akt, and tumor necrosis factor alpha (TNF-a) signaling systems (Chandrasekaran and Richburg, 2005; Giammona et al., 2002; Lee et al., 1999; Rasoulpour and Boekelheide, 2005; Rasoulpour et al., 2006; Richburg and Boekelheide, 1996; Richburg et al., 1999) . Mutations in some of these target genes such as Fas, FasL, and p53, result in aberrant testicular homeostasis following postnatal toxicant exposure. Given the significance of normal testicular homeostasis and the importance of the maintenance of the male germ line, one might predict that the testis utilizes the same pathways that normally influence germ cell apoptosis to also mediate toxicant-induced germ cell apoptosis and injury.
Understanding how Akt1 controls testicular homeostasis depends on dissecting the mechanism by which Akt1 and its family members prevent germ cell death. The three Akt related isoforms-PKBa/Akt1, PKBb/Akt2, PKBc/Akt3-are transcribed from three distinct genes, but retain more than 85% sequence homology (Dummler and Hemmings, 2007) . Akt1 is regarded as the most crucial PKB isoform for growth and development, and it is largely implicated in cell cycle regulation, inhibition of apoptosis, cell growth, and cell differentiation (Dummler and Hemmings, 2007) . Homozygous deletion of the akt1 gene results in not only overall but also organ-specific growth retardation, and animals deficient in Akt1 have exhibited increased apoptosis in several tissue types (Cho et al., 2001) . Akt1 plays a role in the suppression of germ cell apoptosis following exposure to X-irradiation in the adult mouse testis (Rasoulpour et al., 2006) and Akt kinase activity is downregulated following the administration of ethanol to adult rats (Koh, 2007) . One potentially relevant target for Aktmediated survival signaling in the testis is NF-jB (Vanhaesebroeck and Alessi, 2000) . It is well known that activation of NF-jB protects multiple cellular systems from various apoptotic stimuli (Shishodia and Aggarwal, 2002) .
NF-jB consists of five members that exist as both homoand heterodimers, the best characterized form being a heterodimer composed of p50 and p65 subunits (Hayden and Ghosh, 2004) . This heterodimer and others are sequestered in the cytoplasm by association with the inhibitory subunit IjBa (Beg et al., 1992) . Signals leading to NF-jB activation trigger IjBa phosphorylation at two specific serine residues, allowing IjBa polyubiquitination and subsequent proteolytic degradation by the 26S proteasome. Newly synthesized IjBa enters the nucleus and binds NF-jB, thereby enhancing its dissociation from the DNA, causing its re-exportation to the cytoplasm by means of a nuclear export sequence present on IjBa (Beg et al., 1992) . NF-jB is constitutively elevated in hematopoietic cells of IjBa knockout mice, but not in IjBa-deficient embryonic fibroblasts (Klement et al., 1996) . However, sustained activation of NF-jB was observed in the latter cells after TNF-a stimulation (Goudeau et al., 2003) .
In this study, the major goal was to evaluate a functional role for Akt1 in the regulation of germ cell apoptosis by comparing both the kinetics and relative quantity of germ cell apoptosis in Akt1 wild-type, Akt1 heterozygous, and Akt1-deficient mice following exposure to a single oral dose of 500 mg/kg MEHP at postnatal day 28. Importantly, administration of 500 mg/kg MEHP is within the dose range previously shown to induce germ cell apoptosis in the rodent testes (LaHousse et al., 2006) . Briefly, at postnatal day 28, Akt1 wild-type, Akt1 heterozygous, and Akt1-deficient male mice were given 500 mg/kg MEHP in corn oil by oral gavage and time points were taken at 1, 3, 6, 12, and 24 h following exposure to examine the levels of MEHP-induced germ cell apoptosis. Control animals were given a similar volume of corn oil by gavage. Previous studies have shown that MEHP-induced disruption of Sertoli cell function results in a characteristic increase in germ cell apoptosis in both young rats and mice culminating in testicular atrophy (Chandrasekaran and Richburg, 2005; Giammona et al., 2002; Lee et al., 1997 Lee et al., , 1999 . Our findings revealed an earlier onset of MEHP-induced germ cell apoptosis in Akt1-deficient mice. In agreement with prior findings, we found that following MEHPinduced Sertoli cell injury the primary spermatocytes and the early round spermatids to be the major germ cell subtypes to undergo apoptosis (Chandrasekaran and Richburg, 2005) .
At the molecular level, we examined NF-jB, a downstream target of Akt1 implicated in the response to MEHP-induced germ cell injury (Rasoulpour and Boekelheide, 2005) , to determine if NF-jB participates in an Akt1-dependent MEHPinduced germ cell apoptotic response. The results of the present study implicate both the Akt1 and NF-jb signaling pathways in the regulation of MEHP-induced germ cell apoptosis. First, MEHP exposure leads to enhanced phosphorylation of Ijba at the Serine 176/180 phosphorylation site in an Akt1-dependent manner in wild-type testes. Second, the results demonstrate that decreased Akt1 kinase activity not only enhances sensitivity to MEHP-induced germ cell apoptosis, but also leads to a prooxidative stress response with increases in oxidative radical formation and increased transcription of genes associated with a pro-oxidative stress response including p50, p65 (Kaur et al., 2006; Shalini and Bansal, 2007) and SMAC/DIABLO.
Taken together, our data suggest that Akt1 plays a role in the sensitivity of MEHP-induced germ cell apoptosis and that this response is partially mediated by both the Akt1 and the NF-jB signaling pathways as well as the activation of genes associated with mitochondrial dysfunction and oxidative stress.
MATERIAL AND METHODS
Mice. Akt1-heterozygous breeding pairs were obtained from the laboratory of Dr Morris Birnbaum (University of Pennsylvania, Philadelphia, PA). Heterozygous pairs were mated to obtain postnatal day 28 males for experimental procedures. The frequency of obtaining Akt1-deficient mice is approximately 17.3% which is less than the expected Mendelian frequency of 25%. The animal room climate was kept at a constant temperature (23.3 ± 2°C) at 30-70% humidity with an alternating 12-h light, 12-h dark cycle. All procedures involving animals were performed in accordance with the guidelines of the institutional animal care and use committee of Brown University in compliance with the guidelines established by the National Institutes of Health.
Primers. For genotyping by PCR, the following primers were used in a single reaction: 853, 5#-GTGGATGTGGAATGTGTGCGAG-3#; 854, 5#-GCTCAGTCAGTGAGGCCAGACC-3#; 855, 5#-CACCCCACAAGCTCTT-CTTCCA-3#. The PCR were run with an initial denaturing step of 94°C for 5 min, 39 cycles of 94°C for 30 s, 63°C for 30 s, 72°C for 45 s, followed by a final extension at 72°C for 5 min. For PCR genotyping of progeny, the wildtype and targeted bands are 310 and 194 bp, respectively. Exposure paradigm. MEHP was purchased from TCI America (Portland, OR) and certified to be more than 94% pure by gas chromatography. Akt1 wildtype, Akt1 heterozygous, and Akt1-deficient mice were gavaged at postnatal day 28. Mice received a single oral dose (500 mg/kg) of MEHP in corn oil by gavage at a volume equal to 4 ml/kg. This dose is within the range of MEHP (100 mg to 2 g/kg body weight) shown by others to elicit testis injury in the postnatal rodent testis (LaHousse et al., 2006; Lee et al., 1997 Lee et al., , 1999 Rasoulpour and Boekelheide, 2005; Richburg et al., 1999) . Control mice (0 h) received a similar volume of corn oil vehicle by oral gavage. At the indicated time points (1, 3, 6, 12 , and 24 h) after MEHP exposure, Akt1 wild-type and 498 ROGERS ET AL.
Akt1 deficient mice were killed by carbon dioxide asphyxiation and testes were immediately excised and processed.
Akt kinase assay. Akt kinase activity was determined using an Akt Kinase Assay Kit (Cell Signaling Technology, Beverly, MA). Briefly, Akt1 wild-type mouse testes were lysed in 1X ice-cold lysis buffer (Cell Signaling Technology). Whole testis extracts were centrifuged at 14,000 3 g for 10 min at 4°C to remove cellular debris, and the protein content of the supernatant was determined using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA). A total of 500 lg of protein from the lysate samples were incubated with gentle rocking at 4°C overnight with immobilized anti-Akt antibody crosslinked to agarose hydrazide beads. After Akt1 was selectively immunoprecipitated from the testes homogenates, the immunoprecipitated products were washed twice in lysis buffer and twice in kinase assay buffer (25mM Tris, pH 7.5; 10mM MgCl 2 ; 5mM ß-glycerolphosphate; 0.1mM sodium orthovanadate; and 2mM dithiothreitol), and the samples were resuspended in 25 ll of kinase assay buffer containing 200lM ATP and 1 lg GSK3a fusion protein (Cell Signaling Technology). The kinase reaction was allowed to proceed at 30°C for 30 min and was stopped by the addition of 33 sodium dodecyl sulfate (SDS) sample buffer. Reaction products were resolved by 15% SDS-PAGE (polyacrylamide gel electrophoresis) followed by Western blotting with an anti-phospho-GSK3a/b antibody according to the manufacturer's specifications.
Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick End
Labeling staining and quantitation. For cryosections, unfixed testes were submerged in OCT embedding medium (Sekura Finetek, Inc., Torrance, CA) and snap frozen by immersion in liquid nitrogen. Sections were then cut to 7-lm thickness and mounted on poly-L-lysine-coated glass slides (VWR Scientific, West Chester, PA). Germ cell apoptosis was detected in sections of fresh-frozen testis by the terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) labeling method using the ApopTag kit (Chemicon, Temecula, CA). Tissue was counterstained with methyl green. Testis sections were viewed using a Nikon E800 microscope (Melville, NY) using differential interference contrast microscopy. The images were captured with a Kodak DC120 digital camera equipped with a MDS120 adapter (Eastman Kodak Co., Rochester, NY) and processed using Adobe Photoshop 6.0 software (Adobe, San Jose, CA). TUNEL-positive germ cells were quantified in each tissue section by counting the number of TUNEL-positive cells in each essentially round seminiferous tubule. For each testis section, approximately 100-200 tubules were counted from at least three different mice. The incidence of apoptosis was then categorized into either of three groups, defined as none, one to three, or more than three TUNEL-positive germ cells per seminiferous tubule cross-section. In the control mouse testis, the percentage of seminiferous tubules with more than three TUNEL-positive cells is less than 10%, so that an increase in apoptosis is easily determined using this data presentation. The data, calculated as a percentage of the total, are expressed as the mean ± SEM.
Histopathology. The testes from Akt1 wild-type and Akt1-deficient mice dosed with corn oil vehicle (control) and the testes from Akt1 wild-type and Akt1-deficient mice at 3 and 24 h following a single oral dose of 500 mg/kg MEHP were fixed in 10% neutral buffered formalin and paraffin embedded. Sections (7 lm) were stained with periodic acid-Schiff reagent and hematoxylin.
RNA isolation. The testes from Akt1 wild-type and Akt1-deficient mice dosed with corn oil vehicle (control) and the testes from Akt1 wild-type and Akt1 deficient mice at 1, 3, and 6 h following a single oral dose of 500 mg/kg MEHP were detunicated, weighed, and homogenized in TriReagent (Sigma Aldrich, St Louis, MO) and further RNA isolation was performed according to the TriReagent manufacturer's protocols.
Quantitative RT-PCR. Total RNA (1 lg) was DNase-I (Invitrogen, Carlsbad, CA) treated and reverse-transcribed using iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocols, and the cDNA templates were amplified with each of the primer pairs (see Table 1 ) in independent sets of PCR using iQ SYBR Green Supermix (Bio-Rad) on an iCycler iQ Multicolor Real-time PCR Detection System (Bio-Rad). Mousespecific primers were designed using Molecular Beacon Design 4.0 Software (Bio-Rad). The concentration of Mg 2þ and the linear range of amplification of cDNAs with each primer pair first were optimized, and cDNAs subsequently were tested. Each sample was run in triplicate, and mRNA levels were analyzed relative to hypoxanthine phosphoribosyltransferase, a housekeeping gene that was not altered in response to MEHP exposure. Log 2 -transformed relative expression ratios were calculated as described using the equation set forth by Pfaffl, in which efficiencies for both the gene of interest and the calibrator hypoxanthine phosphoribosyltransferase were used.
Western blotting. The testes from Akt1 wild-type and Akt1-deficient mice dosed with corn oil vehicle (control) and the testes from Akt1 wild-type and Akt1-deficient mice at 1, 3, and 6 h following a single oral dose of 500 mg/kg MEHP were detunicated, weighed, and homogenized in three volumes of icecold RIPA buffer (50mM Tris, pH 7.4, 150mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, and 0.1% SDS) containing a protease inhibitor cocktail (P2714; Sigma) by 10 strokes in a Dounce homogenizer. Samples were incubated on ice for 30 min. The homogenate was then centrifuged at 13,500 3 g for 10 min at 4°C. For Western blotting, 50 lg of testis supernatant was separated by 10% SDS-PAGE unless otherwise specified and transferred to Immobilon-P membrane. Blocking solution (20mM Tris, pH 7.4; 137mM NaCl; 10% nonfat dry milk) was added to the membranes for 60 min. Primary antibodies were diluted in blocking solution and added to the membranes at 4°C overnight. After washing three times with 20mM Tris (pH 7.4), 137mM NaCl, and 0.1% Tween 20 (PBS-Tween), horseradish peroxidase-coupled secondary antibody diluted in blocking solution was incubated with the membranes for 1 h at room temperature. Membranes were washed three times with PBS-Tween (0.1%), and secondary antibody was detected by enhanced chemiluminescence according to the manufacturer's instructions (Amersham Pharmacia Biotech). The antibodies used were anti-phospho-Akt (Thr Dihydroethidium staining. For cryosectioning, unfixed testes were submerged in OCT embedding medium (Sekura Finetek, Inc., Torrance, CA) and snap frozen by immersion in liquid nitrogen. Sections were then cut to 7-lm thickness and mounted on poly-L-lysine-coated glass slides (VWR Scientific, West Chester, PA). To detect superoxide anion formation tissue was stained with 5mM dihydroethidium (DHE) stabilized in diethyl sulfoxide (Invitrogen SKU# D-23107) at a 1:10,000 dilution in PBS. Tissue was incubated for one minute at room temperature and subsequently washed three times in PBS. Testis sections were viewed using a Zeiss Axiovert 35 microscope (Carl Zeiss, New York, NY) connected to a Spot RT camera (Diagnostic Instruments Inc., Sterling Heights, MI). Images were downloaded into Photoshop 6.0 imaging software (Adobe Systems Inc., San Jose, CA) for resizing and fluorescent layering. Final figures were assembled using Canvas 8.0 software (Deneba Systems Inc., Miami, FL).
Statistical analysis. The Student's t-test or one-way ANOVA with Bonferonni post hoc analysis were performed using Sigma Stat software 
RESULTS

Assessment of Akt1 Wild-Type, Akt1 Heterozygous and Akt1-Deficient Testicular Parameters
To initially characterize the testis of the Akt1-deficient mice, body weights, testis weights, spermatid head counts, and incidence of germ cell apoptosis were compared with those observed in Akt1 wild-type and Akt1-heterozygous mice at postnatal days 28, 56, and 90 (Table 2) . At all time points examined significant differences in both the body and testis weights of Akt1-deficient mice were observed compared with that of Akt1 wild-type and Akt1 heterozygous control mice. At postnatal day 28, Akt1-deficient mice exhibit an approximate 33% decrease in body weight and a 33% decrease in testis weight. Similar to the body and testis size in postnatal day 28 mice, Akt1-deficient adult males at postnatal day 56, exhibit an approximate 22% decrease in body weight and a 34% decrease in testis weight relative to their Akt1 wild-type and Akt1 heterozygous counterparts. This phenotype continues throughout adulthood (PND90) with a 14 and 35% decrease in body and testis weight, respectively. In addition to body and testis size, the measurement of testis spermatid heads at postnatal day 90 did not reveal significant differences in the number of spermatid heads per testis in the adult Akt1-deficient mice compared with either Akt1 wild-type or Akt1 heterozygous animals suggesting a full complement of germ cells (Blazak et al., 1993) . In addition, Akt1-deficient males are fertile when bred to wild-type females of proven fertility at PND56.
Induction of the Akt Signaling Pathway Precedes MEHPInduced Germ Cell Apoptosis in Akt1 Wild-Type Testes
To determine whether Akt activation occurs in the testis in response to MEHP, Akt kinase activity was assessed by an in vitro kinase assay using the known Akt substrate GSK3ab. As indicated by densitometric analysis, the level of GSK3ab was markedly higher (2.5-fold) at the 3-h time point (Figs. 1A and 1C upper graph) , and returned to control levels by 6 h. Akt phosphorylation status (Thr 308) was examined by Western analyses in the testis of vehicle-exposed (0 h) and Akt1-wildtype mice 1, 3, and 6 h after exposure to 500 mg/kg MEHP. As indicated by densitometric analyses, the levels of phosphorylated Akt were elevated twofold at the three hour time point and approximately 1.5-fold at the 6-h time point (Figs. 1B and 1C lower graph) indicating that Akt kinase activity is induced in response to MEHP postnatal testis exposure.
MEHP-Induced Histopathology in the Postnatal Testis
Histopathology was evaluated in 7-lm cross-sections of paraffin-embedded testis stained with periodic acid-Schiff reagent and hematoxylin. The seminiferous epithelium differed slightly in corn oil exposed Akt1 wild-type and corn oil exposed Akt1-deficient testes ( Figs. 2A and 2D ). Corn oil exposed Akt1-deficient tubules exhibited more seminiferous tubules with vacuoles relative to Akt1 wild-type seminiferous tubules. At 3 h (Fig. 2E ) multinucleated giant cells were observed in Akt1-deficient tubules. At 24-h MEHP exposure, increases in the incidence of germ cell sloughing into the lumen and increases in the incidence of vacuoles were evident in both Akt1 wild-type and Akt1-deficient mice, respectively (Figs. 2C and 2F).
MEHP-Induced Germ Cell Apoptosis in the Postnatal Testis
To demonstrate a functional role for Akt1 in the suppression of germ cell apoptosis following exposure to 500 mg/kg MEHP, we evaluated the extent of MEHP-induced germ cell apoptosis in the testes of 28-day-old exposed Akt1-deficient mice relative to that of the testes of similarly exposed Akt1 wild-type and Akt1 heterozygous mice. Figure 3 demonstrates the level of apoptosis in Akt1 wild-type seminiferous tubules Note. Values represent the mean ± SEM determined from Akt1 wild-type, Akt1 heterozygous, and Akt1-deficient mice. Statistical analyses were conducted using one-way ANOVA (p < 0.05); error bars, SEM. Asterisk (*) indicates significance between a specific genotype within the postnatal day evaluated. nd, not determined.
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( Fig. 3A) and Akt1-deficient seminiferous tubules (Fig. 3B) following administration of corn oil only. In wild-type mice a time-dependent increase in TUNEL-positive germ cells was observed 6 h post-MEHP exposure (Fig. 3E) . In contrast, exposure of postnatal day 28 Akt1-deficient mice to MEHP (500 mg/kg) resulted in an increase in the incidence of TUNEL-positive germ cells as early as 1-and 3-h post-MEHP exposure (Figs. 3D and 3E ).
To more adequately address the question of earlier onset of germ cell apoptosis versus overall increased germ cell apoptosis in the testes of MEHP-exposed Akt1-deficient males, we examined the levels of germ cell apoptosis at 12-and 24-h post-MEHP exposure (Fig. 3E) . We found that in all three genotypes, seminiferous tubules with greater than three apoptotic nuclei had returned to levels similar to animals which had received corn oil only indicating that loss of Akt1 leads to an earlier onset of MEHP-induced germ cell apoptosis.
MEHP-Induced Germ Cell Apoptosis Results in the Induction
of Phosphorylated IjBa in an Akt1-Dependent Manner Phosphorylation of I B is an indirect assessment of NF-B activation; therefore, we evaluated whether or not Akt1 mediated the activation of NF-jB by MEHP by Western analyses. As indicated by Western and densitometric analysis, Figures 4A and 4B depict an approximate 1.5-fold Akt1-dependent induction of phosphorylation of the IjBa complex at 1 and 3 h following 500 mg/kg MEHP exposure in Akt1 wild-type mouse testes. The results also demonstrate a decrease in total I B protein levels in Akt1-deficient testes relative to 308 Akt and total Akt1 were normalized to that of b-actin. The values represent the mean ± SEM. The asterisk denotes a significant difference relative to vehicle exposed Akt1 wild-type control (p < 0.05). (C) Densitometric analyses in bar graph format of the relative levels of GSK3ab and phosphorylated Thr 308 Akt levels in vehicle-exposed and Akt1 wild-type testes exposed to 500 mg/kg MEHP for 1, 3, or 6 h.
FIG. 2. Progressive stages of MEHP-induced testicular histopathology. Akt1 wild-type mouse testes (A-C) and Akt1-deficient mouse testes (D-F)
were exposed to MEHP (500 mg/kg), and testes were collected after 0 (A, D), 3 (B, E), and 24 h (C, F) and processed for histopathological analyses as described in ''Materials and Methods.'' Note the characteristic MEHP-induced appearance of Sertoli cell vacuoles (arrows), presence of multinucleated giant cells (asterisks); and sloughing of germ cells (arrows with dotted line) in the lumen of Akt1 wild-type and Akt1-deficient seminiferous tubules following MEHP exposure. Bar, 100 lm.
CROSS-TALK BETWEEN THE AKT AND NF-jB SIGNALING PATHWAYS
Akt1 wild-type testes throughout the time course examined (Fig. 4A) . Our findings corroborate a previous study in which postnatal rat testes exposed to 1000 mg/kg MEHP exhibited increased expression of an NF-jB related gene, nfkbia (encoding for inhibitory kappa B alpha), as early as 2 h post-MEHP exposure (LaHousse et al., 2006) suggesting involvement of the NF-jB pathway.
Expression of p50 and p65 is Significantly Elevated in Akt1-Deficient Mice, and Decreases Sharply in Response to MEHP-Induced Germ Cell Apoptosis
The NF-jB subunits p50 and p65 have been reported to play a role in MEHP-induced postnatal testis injury in the rat (Rasoulpour and Boekelheide, 2005) . Based on this information, we examined the mRNA expression of both the p50 and p65 subunits in our model system following exposure to 500 mg/kg MEHP. Initially, an approximate 80 percent decrease in p50 expression in the testes of wild-type mice at both 1-and 3-h post-MEHP exposure was observed followed by a significant twofold increase in p50 expression at 6 h (Fig. 5B) . Similar to p50 expression, p65 expression decreased dramatically by 1 h   FIG. 3 . Early onset of MEHP-induced germ cell apoptosis in Akt1-deficient seminiferous tubules. DNA fragmentation, a characteristic feature of apoptosis, was detected in testis cryosections via the TUNEL technique. Akt1 wild-type (A, B) and Akt1-deficient mice (C, D) were exposed to MEHP (500 mg/kg), and testis were collected after 0 (A and C) and 3 (B and D) h and processed for TUNEL analysis as described in ''Materials and Methods.'' Arrows indicate TUNEL-positive cells. The TUNEL-stained sections were counterstained with methyl green and viewed using differential interference contrast microscopy. Bar, 100 lm. (E) Quantitation of the incidence of TUNEL-positive germ cells in bar graph format after MEHP exposure in Akt1 wild-type (black bar), Akt1-heterozygous (dark gray bar), and Akt1-deficient (light gray bar) mouse seminiferous tubules. The incidence of apoptosis at different times post-MEHP exposure was assessed by counting the number of TUNEL-positive germ cells per seminiferous tubule. The data are displayed as the number of tubules with > 3 TUNEL-positive cells. A total of 100-200 randomly selected tubule cross-sections were examined from each of three mice per time point except for 24 hour in which two mice per time point were examined. The values represent the mean ± SEM. The þ denotes a significant difference relative to vehicle exposed Akt1 wild-type control animals (p < 0.05). The asterisk denotes a significant difference between genotypes within a specific time point examined (p < 0.05). 502 in wild-type mice; however, p65 expression remained low throughout the time course examined (Fig. 5A) . In striking contrast to Akt1 wild-type mice, Akt1-deficient control testes exhibited a 1.5-fold increase in p50 expression and a fourfold increase in p65 expression without any MEHP exposure. Following MEHP exposure, a sharp decrease was observed at both the 1-and 3-h time points in p50 and p65 expression in Akt1-deficient testes, and this decrease persisted throughout the time course examined.
Expression of SMAC/DIABLO is Significantly Elevated in
Akt1-Deficient Mice, and Decreases Sharply in Response to MEHP-Induced Germ Cell Apoptosis
Mitochondrial dysfunction and oxidative stress are determinants of both cell death and cell survival (Kim et al., 2006) , and oxidative stress induces Second Mitochondria-derived Activator of Caspase (SMAC/DIABLO) release from the mitochondria into the cytosol resulting in cell death (Atsushi et al., 2004) . Intrigued by both the trend for a basal increase in germ cell apoptosis in the Akt1-deficient mice and increased p50 and p65 expression in Akt1-deficient control testes, we postulated that these factors may potentially contribute to the overall increased sensitivity of the Akt1-deficient postnatal testes to MEHP-induced germ cell apoptosis. Therefore, we examined the expression of SMAC/DIABLO following exposure to 500 mg/kg MEHP. Figure 6 demonstrates an approximate 50% decrease in DIABLO expression in the testes of wild-type mice at both the 1-and 3-h post-MEHP exposure time points with a significant induction in expression at 6 h (1.5-fold); coincident with the increase in germ cell apoptosis in Akt1 wild-type mice exposed to 500 mg/kg MEHP. The pattern of SMAC/DIABLO expression is similar to the expression pattern of p50 and p65, Akt1-deficient control mice exhibited a fourfold increase in SMAC/DIABLO expression followed by a sharp decrease in SMAC/DIABLO expression following MEHP exposure in Akt1-deficient mouse testes.
Akt1 Suppresses Superoxide Anion Formation in the Postnatal Mouse Testis
Increased expression of p50 and p65 has been associated with a pro-oxidative/proinflammatory type response in selenium deficient rodent testes (Shalini and Bansal, 2007) . Hence due to the increased expression of p50, p65, and SMAC/ DIABLO and the earlier onset of germ cell death in our Akt1-deficient testes, we examined whether decreased Akt kinase activity leads to an increase in oxidative radical formation. Oxidative stress and the redox state are implicated in the survival signaling pathway that involves phosphatidylinositol FIG. 5 . Induction of p65 and p50 expression in Akt1-deficient mice. A time course of relative expression of p65 (A) and p50 mRNA (B) after exposure of Akt1 wild-type and Akt1-deficient mice to 500 mg/kg MEHP at postnatal day 28. Akt1 wild-type (black bar) and Akt1-deficient (striped bar) mice. For all experiments, a minimum of three mice per time point per genotype were analyzed. Statistical analyses were conducted using one-way ANOVA (p < 0.05); error bars, SEM. Asterisk (*) indicates significance compared with Akt1 vehicle exposed wild-type control.
FIG. 6. Induction of SMAC/DIABLO expression in Akt1-deficient mice.
A time course of relative expression of SMAC/DIABLO after exposure of Akt1 wild-type and Akt1-deficient mice to 500 mg/kg MEHP at postnatal day 28. Akt1 wild-type (black bar) and Akt1-deficient (striped bar) mice. For all experiments, a minimum of three mice per time point per genotype were analyzed. Statistical analyses were conducted using one-way ANOVA (p < 0.05); error bars, SEM. Asterisk (*) indicates significance compared with Akt1 vehicle exposed wild-type control.
CROSS-TALK BETWEEN THE AKT AND NF-jB SIGNALING PATHWAYS
3-kinase (PI3-K)/Akt (reviewed in Chan, 2005) . Therefore, in situ reactive oxygen species (ROS) generation was examined by DHE staining. Figure 7 illustrates the levels of superoxide anion formation via DHE staining as indicated by red fluorescence. Animals were killed at 0 and 3 h following MEHP exposure in order to evaluate superoxide anion formation as depicted in Figures 7A-D . Superoxide anion formation, as assessed by red fluorescence when oxidized to ethidium bromide by superoxide, was readily detected in Akt1-deficient mouse seminiferous tubules at both 0 and 3 h (Figs. 7C and 7D ) compared with wild-type mouse seminiferous tubules (Figs. 7A and 7B ).
Bcl-xl is Induced in an Akt1-Dependent Manner following MEHP Exposure in Wild-Type Testes
If the NF-jb signaling pathway is affected following MEHP exposure in our model system then the transactivation potential of NF-jB should be targeted. Therefore we examined the downstream target gene Bcl-xL. Following MEHP exposure, Akt1 wild-type testes showed a 1.5-fold elevation in Bcl-xL mRNA expression at the 3-h time point (Fig. 8A ) and a twofold increase in Bcl-xL protein levels (Figs. 8B and 8C) at 6 h. In contrast, Akt1-deficient testes showed no significant increase in Bcl-xL at either the mRNA or protein level at any of the time points examined (Figs. 8A-C) . This data supports the crosstalk between the Akt and NF-jB signaling pathways following MEHP exposure.
DISCUSSION
Akt1 plays a critical role in the regulation of overall body growth and size (Chen et al., 2001; Cho et al., 2001) . Similar to these previous reports, our data demonstrate that Akt1-deficient mice are approximately 20% smaller in body size. We now extend this observation to include an approximate 30% decrease in testis weight relative to Akt1 wild-type and Akt1 heterozygous mice. Although Akt1-deficient males exhibit a smaller testis size, they are fertile and spermatid numbers were reduced in proportion to the reduction in testis weight ( Table 2 ). Histological analyses revealed no apparent difference in germ cell types between Akt1 wild-type and Akt1-deficient males ( Figs. 2A and 2D ). However, it cannot be excluded that the smaller body and testis size contribute to the increased sensitivity of the Akt1-deficient mice to MEHPinduced germ cell apoptosis.
Akt1 is postulated to play a role during in utero and postnatal development and following postnatal injury in various organ systems (Pazzaglia et al., 2006; Yang et al., 2003; Yin et al., 2007) . In agreement with these findings, we have previously demonstrated that increased Akt1 activity contributes to germ cell survival following exposure to X-irradiation in adult mice (Rasoulpour et al., 2006) . Still others have demonstrated a role for Akt1 in spermatogonial stem cell proliferation (Braydich-Stolle et al., 2007; Lee et al., 2007; Oatley et al., 2007) . The data presented here examined an in vivo functional role for Akt1 following a single oral Previous reports have indicated MEHP-induced histopathology in the testes of young rodents (Lee et al., 1997; Richburg and Boekelheide 1996; Richburg et al., 1999) . We observed similar MEHP-induced changes in testicular histopathology in both the Akt1 wild-type and Akt1-deficient mice indicating MEHP-induced injury to the postnatal testis. In addition, vehicle-exposed Akt1-deficient testes exhibited more vacuoles than their wild-type counterparts. It is interesting to speculate a baseline level of testis injury due primarily to the loss of Akt1. Examination of apoptotic nuclei indicated that MEHP exposure results in a premature onset of MEHP-induced germ cell apoptosis. The increased sensitivity of Akt1-deficient mice to MEHP provides strong evidence that the Akt1 signaling pathway plays a role in the initial sensitivity of germ cells to MEHP-induced apoptosis in the postnatal testis.
Similar to the Akt1 signaling pathway, the NF-jB signaling pathway has been shown to play an important role in germ cell apoptosis in the testis (Rasoulpour and Boekelheide, 2005) . NF-jB signaling has been studied in many different cell types and has been found to upregulate genes related to both anti-and proapoptotic responses to numerous stimuli (Beg et al., 1992; Cressman, et al., 1994; FitzGerald et al., 1995; Karin and Lin, 2002; Suhara et al., 2004) . In addition, phosphorylation of the IjBa complex is a marker of initial NF-jB activation. We found an Akt1-dependent increase in the protein levels of phosphorylated IjBa in wild-type mouse testes after MEHP exposure at 1 and 3 h. These results provide support to previous studies in which an Akt phosphorylation site at amino acids 18-23 in IjB kinase a (IKK a) was identified suggesting that the complex is a substrate for Akt (Kane et al., 1999; Ozes et al., 1999; Sugatuni and Hruska, 2004) . However, it is important to note that phosphorylation of IjBa occurred prior to phosphorylation and activation of Akt suggesting that Akt and NF-jB may act in parallel pathways following exposure to MEHP.
Interestingly, our study revealed that Akt1-deficient control mouse testes have significantly elevated mRNA levels of the NF-jB subunits, p50 and p65, suggesting activation of this pathway prior to MEHP-induced germ cell apoptosis. It is interesting to speculate that this may be due, in part, to the overall trend for a decrease in levels of the IjBa protein in Akt1-deficient testes. Decreased protein levels of the IjBa protein in the cytoplasm would allow for entry of the p50 and p65 subunits into the nucleus and the subsequent transcription of both of these subunits. How Akt1 would regulate this process is currently not known. In Akt1 wild-type mouse testes increased expression of p50 was not observed until 6-h post-MEHP exposure.
Others have reported the induction of p50 and p65 to be associated with a pro-oxidative/proinflammatory response in the   FIG. 8 . Akt1 increases expression of Bcl-xL protein and mRNA in testicular homogenates exposed to 500 mg/kg MEHP. (A) A time course of relative expression of Bcl-xL mRNA in Akt1 wild-type and Akt1-deficient mice exposed to 500 mg/kg MEHP. (B) Representative Western blots from three testis homogenates for each time point of Akt1 wild-type and Akt1-deficient mice after exposure. Shown are Bcl-xL protein levels. (C) Densitometric analyses of Bcl-xL protein levels in Akt1 wild-type and Akt1-deficient mice after exposure to 500 mg/kg MEHP. The intensities of Bcl-xL were normalized to that of b-actin. Values represent the mean ± SEM. Statistical analyses were conducted using one-way ANOVA (p < 0.05); error bars, SEM. Asterisk (*) indicates significance compared with Akt1 vehicle exposed wild-type control.
CROSS-TALK BETWEEN THE AKT AND NF-jB SIGNALING PATHWAYS 505 testis (Kaur et al., 2006; Shalini and Bansal, 2007) . Based on these studies and our observations, we examined the level of superoxide anion formation in the testes of Akt1-deficient mice. Oxidative stress has been demonstrated to activate signal transduction pathways including NF-jB activation by NADPH oxidase via ROS intermediates (Janssen-Heininger et al., 2000; Manea et al., 2007; Sauer and Wartenberg, 2005) . Moreover, roles for oxidative stress in germ cell apoptosis induced by di(2-ethylhexyl)phthalate have been previously proposed (Liu et al., 2005; Onorato et al., 2008) and several studies have suggested that mitochondrial injury leads to oxidative stress following exposure to DEHP (Kasahara et al., 2002; Suna et al., 2007) . In support of this, we found elevated levels of superoxide anion formation in the postnatal mouse testis of Akt1-deficient mice at 0 and 3 h and detectable levels in Akt1 wild-type mice at 3 and 6 h following MEHP-exposure.
One event associated with mitochondrial dysfunction is the release of apoptotic proteins such as SMAC/DIABLO from the intermembrane space of mitochondria into the cytosol (Kim et al., 2006) . In agreement with this observation, Akt1-deficient control mouse testes were found to have significantly elevated expression of SMAC/DIABLO, a protein in part regulated by continuous oxidative stress in the mitochondria. Akt1 wildtype mouse testes exhibited a twofold increase in mRNA expression of SMAC/Diablo 6-h postexposure coincident with the elevated levels of MEHP-induced germ cell apoptosis in Akt1 wild-type seminiferous tubules.
To determine whether an increase in NF-jB transactivation potential contributed to Akt1-dependent germ cell sensitivity, we evaluated the mRNA and protein expression of the downstream NF-jB target, Bcl-xL, an antiapoptotic member of the Bcl-2 family that prevents the release of cytochrome c from the mitochondria, and thus prevents the initiation of apoptotic caspase cascades (Tsujimoto, 1998) . MEHP exposure had a pronounced effect on Bcl-xL protein and mRNA expression in Akt1 wild-type mice but not in Akt1-deficient testes. MEHP exposure induced an increase in Bcl-xL mRNA at the three hour time point. Bcl-xL protein levels were also elevated at the 3-h time point, although peak expression occurred at 6 h. In contrast to the response of Akt1 wild-type testes, no increase in Bcl-xL mRNA or protein was observed in Akt1-deficient testes. The fact that the increase in bcl-xl protein occurs at the time of peak apoptosis in Akt1 wild-type testes may reflect an antiapoptotic response of other cell types (e.g., Sertoli and/or Leydig cells) to MEHP-induced germ cell apoptosis. Indeed, a transient increase in bcl-xl protein levels has been observed in Leydig cells following ethane dimethylsulfonate exposure (Woolveridge et al., 1999) .
In summary, we propose a working model depicted in Figure 9 in which MEHP exposure leads to the activation of both the Akt1 and NF-jB signaling pathways to prevent the premature onset of MEHP-induced germ cell apoptosis. However, under conditions of low Akt1 kinase activity (Fig. 9B) , there is a decrease in the Akt1-dependent phosphorylation of Ijba as occurs following MEHP exposure in wildtype mice (Fig. 9A) . There is also a decrease in the level of the inhibitory protein, Ijba, which may account for the increased transcription of the NFjb subunits p50 and p65 observed in Akt1-deficient mice. In addition, the trend for elevated levels of apoptosis and increased superoxide anion formation in Akt1-deficient testes leads to the transcription of genes associated with mitochondrial dysfunction such as SMAC/DIABLO with the net result being the premature onset of germ cell apoptosis following exposure to MEHP.
